The synthesis and characterization of several dispersed molybdena catalysts on silica support (MoO 3 -SiO 2 ) prepared from a variety of precursors (Mo(VI)-acetylacetonate, oxo-peroxo Mo-species, hydrated ammonium heptamolybdate) and preparation methods (deposition of the Mo-phase on finite SiO 2 support by aqueous and methanol impregnations, by adsorption, by oxo-peroxo route-like, and by one-step synthesis of MoO 3 -SiO 2 system with molecular precursors) are presented. The molybdena concentration on silica was comprised in a large interval (1.5 -14 wt%) depending on the preparation method which governed the Mo-loading on silica. Convenient comparisons among samples at similar Mo-concentration have been made discussing the morphologic-structural (XRD, XPS, UV-vis-DRS, and N 2 -adsorption) and physicochemical (TG-DTG, TPR, and n-butylamine-TPD) sample properties. Polymeric octahedral polymolybdate aggregates predominated in the samples prepared by aqueous and methanol impregnations, which were at high Mo-concentration. On the contrary, isolated Mo(VI) species in distorted T d symmetry predominated in the sample prepared by adsorption which was at very low Mo-concentration. The sample acidity was composed of a weak acidy site population, associated with the silica support, and a strong acid site population associated with the Mo-dispersed phase. Oxidation tests of formaldehyde, an oxygen-containing VOC (Volatile Organic Compound), were performed to determine the prevalent redox or acidic function of the Mo-species at the surface of the catalysts.
Introduction
Molybdenum containing catalysts are receiving great interest because of their importance both in environmental catalysis, such as combustion of soot, and in many industrial reactions, such as hydrodesulfuration, dehydrogenation of alkanes, partial oxidation of methanol to formaldehyde, and metathesis of olefins, among others [1] [2] [3] . The efficiency of these catalysts is strongly related to the amount and, in particular, the dispersion of the Mo-phase [4, 5] which in its turn can be very influenced by the preparation method of the sample [6, 7] . To improve the activity-selectivity behavior of the Mo-based catalysts in given reactions and the Mo-dispersion, new Mo-precursors and preparation methodologies are expected helping the development of even more performing catalysts.
Conventionally, hydrated ammonium heptamolybdate and impregnation are chosen as Mo-precursor and preparation method, respectively. Because of the acidic character of the aqueous molybdate solutions (pH value from 5 to 6) often used in the impregnations, the polymolybdate anions can bound to the support surface and can polymerize/depolymerize during calcinations [8] [9] [10] causing alteration of molybdenum aggregation. Supported Mo oxide catalysts can be successfully prepared exploiting the reaction of surface OH groups of the support with various Mo-organometallic compounds (e.g., Mo( 3 -C 3 H 5 ) 4 , Mo 2 ( 3 -C 3 H 5 ) 4 , Mo(C 4 H 7 ) 4 , etc.), by the so called adsorption equilibrium deposition method [11] [12] [13] . It is claimed that the surface of such catalysts bears a uniform distribution of defined Mo species, the structure of which can be controlled changing some synthesis parameter. Another successful synthesis proposed to develop highly dispersed Mo supported catalysts is via the so called oxoperoxo route [14, 15] running through formation of low nuclearity oxo-peroxo species (e.g., when silica is con-cerned as support, ≡Si-O-Mo(OH)(O 2 ) 2 moieties are formed). The  2 -peroxo ligands are good leaving groups easily decomposed during calcination to give oxo groups (e.g., (≡Si-O) 2 -Mo(O) 2 ) with regular distribution on the surface. At last, the design of dispersed metal oxides with high surface area is nowadays attempted by one-step synthesis procedures. For these synthetic procedures, molecular precursors of both the support and metal phase and structure directing agents (like ionic or non-ionic surfactants) are used [16] . This strategy may be used for the synthesis of several supports containing metal oxide phases [17] giving rise to materials with good surface properties and catalytic activities.
Despite the literature presents many papers describing new preparation methods for Mo oxide containing catalysts, comprising those above cited, there is a certain lack of unified vision on the surface and bulk properties of these materials deriving from different preparations and different Mo-precursors.
This work reports our results on the synthesis and characterization of several molybdena containing catalysts over silica support (MoO 3 -SiO 2 ) prepared from a variety of precursors (Mo(VI)-acetylacetonate, Mo-trioxide, hydrated ammonium heptamolybdate) and preparation methods (deposition of the Mo-phase on the finite SiO 2 support by aqueous and methanol impregnations, by adsorption, by oxoperoxo route like, and one-step-synthesis of the MoO 3 -SiO 2 system). A series of analysis of the main surface and bulk properties governing the catalytic properties of the samples have been made. Primarily, the method of preparation controlled the amount of molybdenum uptake from the silica support. We would like to show that it is possible to modulate the amount and surface properties of the dispersed molybdenum phase by a judicious choice of the Mo-precursor and preparation method. This should have important positive aspects in several applied catalytic fields where Mo-based catalysts are much used. The catalytic oxidation tests of formaldehyde, one among the most toxic indoor volatile organic compounds (belonging to Group 1 of the International Agency for Research on Cancer (IARC) classification [18] ), have complemented this study. The product distribution observed on the catalyst samples could permit determining the prevalent redox or acidic function of the Mo species at the surface of the catalysts.
Experimental Procedure

Materials
The utilized molybdenum precursors were tetra hydrated ammonium heptamolybdate (NH 4 3 Br, Sigma-Aldrich, 99% purity) were used as structure-directing agents.
VICI Metronic permation tube with para-formaldehyde (grade purum, ≥95.0%) was used for the catalytic tests of catalytic oxidation
Sample Preparation
The catalysts with general formula MoO 3 /SiO 2 were prepared by different methods: by deposition of Mo-molecular precursors on a finite silica support or by one-step synthesis with molecular precursors following a sol-gel procedure.
The mesoporous silica (SIM) support was synthesized by a modification of the procedure described by Huh et al. [19] which consists of a condensation method based on sodium hydroxide-catalyzed reaction of TEOS, in the presence of low concentration of CTAB, followed by acid extraction of the as-made-product in a methanol mixture of hydrochloric acid. Details on the preparation and characterization can be found in Ref. [20] . For this study, the final obtained powder was calcined at 550˚C during 4 h.
The MoO 3 -containg samples were prepared depositing the Mo-precursors on SIM by 1) aqueous wet impregnation from the AHM inorganic complex (MoSi_ing); 2) alcohol impregnation from the MoO 2 (C 5 H 7 O 2 ) 2 organic complex (MoSi_org); 3) adsorption-deposition on silica of Mo ions contained in aqueous solution formed from thermal decomposition of AHM (MoSi_ads); 4) oxoperoxo route like method from oxo-peroxo Mo species generated from MO 3 in H 2 O 2 solution (MoSi_oxo). Moreover, a MoO 3 /SiO 2 sample was prepared by onestep synthesis from TEOS and AHM molecular precursors, as silica and Mo oxide sources, respectively, in the presence of F-68 structure-directing agent (MoSi_os). All the five samples were prepared with the appropriate amounts of Mo-precursor and SIM (or TEOS) to obtain nominal amount of 10 wt% of Mo on silica. All the samples were calcined at 550˚C for 4 h to obtain the final powders.
For the MoSi_ing preparation, AHM was dissolved with stirring in water and the required amount of SIM was added. After 16 h at r.t., solution was stirred at 200˚C until total water evaporation (rate ca. 5 cm 3 /h). The obtained yellow solid was dried at 120˚C for 16 h (pale yellow dried solid) and eventually calcined. Almost analogously, MoSi_org was prepared dissolving MoO 2 (C 5 H 7 O 2 ) 2 with stirring in methanol at 40˚C until an intense orange clear solution was obtained, (the complete dissolution was controlled by UV-vis measurements at 272 nm); then the required amount of SIM was added. Solvent evaporation occurred at 80˚C (evaporation rate ca. 10 cm 3 /h), the obtained green solid was dried at 120˚C for 16 h (intense green dried solid) and calcined. The preparation of MoSi_ads consisted of several steps; the first step was the decomposition of AHM in water at 100˚C for 48 h. After filtration, the required amount of SIM was introduced into the obtained clear solution containing Mo ions. In the suspension, NH 4 OH was added to obtain basic solution so favoring the metal cation adsorption on the support; the formed pale yellow suspension was stirred for 24 h at r.t (adsorption step). The solid was recovered by filtration under vacuum, it was dried at 120˚C for 16 h and calcined.
The MoSi_oxo sample was prepared by oxoperoxo route like, with a modification of the early method described in Ref.s [14] , [15] , and [21] . Initially, MoO 3 was dissolved in water at 60˚C obtaining a pale yellow solution, then a H 2 O 2 solution (50 wt%) was added (H 2 O 2 / MoO 3 molar ratio of 25). The required amount of SIM was thus introduced and the pale yellow suspension obtained was stirred for 4 h at r.t. Finally, the solid was recovered by filtration under vacuum, dried at 120˚C for 16 h and calcined.
One step-synthesis of the MoSi_os sample was performed adjusting the synthesis procedure described in Ref. [17] . At first, suitable amount of F68 triblock copolymer (TEOS/F68 molar ratio of 2.3) was dissolved with stirring at 30˚C up to the formation of a complete clear solution, it was quickly added into a solution of AHM under vigorous stirring. After one hour, HCl solution (TEOS/HCl 2 M ratio of 0.08) and then suitable amount of TEOS were added with stirring at 40˚C for 24 h. The formed gel was then kept at 100˚C for 48 h without stirring; during this time, changes of colors were evidenced (from violet to dark blue to pale green). After being cooling to r.t., the solid was recovered by filtration under vacuum, washing with abundant water, drying at 120˚C for 16 h (green-yellow dried solid), and eventually calcined.
Sample Characterization
ICP-OES (Inductively Coupled Plasma Optical Emission Spectroscopy) analyses for the determination of the Mo amount were performed by the ACTIVA apparatus from Horiba JOBIN YVON. The powder samples were attacked by lithium tetraborate at 1100˚C, then dissolved with HCl (20% in water) and treated with H 2 SO 4 plus HNO 3 plus HF in becher, heating up to complete evaporation, and finally recovered with HNO 3 .
Scanning electron micrographs (SEM) were obtained by a JEOL JSM-5500LV coupled with energy dispersive X-ray spectroscopic (EDS) analyzer working at 20 keV to obtain quantitative information on the distribution of Mo and Si elements. On each sample, area regions of 100 µm were analyzed. X-ray diffraction (XRD) patterns of the powder samples were carried out by a Philips PW1710 vertical goniometer diffractometer using Ni-filtered CuKα radiation (λ = 1.5406 Å) with a step size of 1˚ (2) and a step time of 1 s. The patterns were collected over the 2 range from 3˚ to 80˚.
Surface area (S BET ) and porosity were determined by N 2 adsorption/desorption at -196˚C by using a Carlo Erba Sorptomatic 1900 instrument. Details can be found in Ref. [22] . All the samples (45 -60 mesh particles) were thermally activated before the analysis in the glass-cell at 350˚C for 16 h under vacuum. Pore size distribution (PSD) was calculated from the desorption branch of the isotherm using the Barrett-Joyner-Halenda (BJH) model equation [23] .
A thermogravimetric (TG) analyzer from PerkinElmer (TGA7) equipped with Pt crucible was used for the measurements of the dried and calcined samples. Analyses were performed in air flowing (60 ml·min -1 ) at constant rate (10˚C·min -1 ) of temperature increasing from 25˚C to 820˚C.
X-ray photoelectron spectroscopy (XPS) analyses were carried out by a Kratos Analytical AXIS ULTRA DLD spectrophotometer, with AlK α monochromatized exciting radiation (1486.6 eV). Pass energy of 160 eV or 40 eV for the acquisition of the general (0 -1100 eV) or high-resolution (C 1s, O 1s, Si 2p, Mo 3d 5/2 , and Mo 3d 3/2 ) spectra was used, respectively. The residual pressure in the analysis chamber was around 10 -9 mbar. All the binding energy (BE) measurements were corrected for charging effects with reference to the C 1s photopeak of the adventitious carbon (284.60 eV).
Diffuse reflectance spectroscopy (UV-vis-DRS) measurements were performed on fine powders samples (without any treatment of activation) put into a cell with optical quartz walls by a Perkin-Elmer Lambda 35 instrument equipped with an integrating sphere and Spectralon ® as reference material. Spectra were measured in absorbance mode in the 1100 -190 nm range.
Temperature programmed reduction (TPR) experiments were performed in a home-modified Micromeritics Pulse Chemisorb 2700 apparatus. Because the catalysts contained different amounts of reducible Mo-phase, the sample mass used varied from 0.1 to 0.5 g (45 -60 mesh particle size) to obtain k and P values of 80 s and 10˚C, respectively [24, 25] . The samples were initially pretreated in O 2 /Ar (5.27% v/v) flowing (45 cm 3 ·min -1 ) at 350˚C for 1 h. After cooling to 25˚C, the H 2 /Ar (7.96% v/v) reducing mixture flowed through the sample (15 cm 3 ·min -1 ) whose temperature increased from 25˚C to 1050˚C at constant rate of 8˚C·min -1 , maintaining the final temperature for 30 min. The H 2 consumption was detected by a thermal conductivity detector (TCD) and the peak areas were calibrated with pure H 2 injections (Sapio, Italy; 6.0 purity).
The acid properties of the silica support and Mo-samples were performed by thermodesorption analysis of n-butylamine (n-But) from saturated samples operating in an home-made modified temperature-programmed desorption mass spectroscopy (TPD-MS) instrument from Thermo Fisher Scientific. The amine saturation was performed on thermally activated sample (350˚C for 16 h), as described in several papers [26, 27] . The TPD-MS analyses were carried out in a tubular quartz cell (32 cm long and 1 cm diameter) equipped with a porous septum for putting the sample (ca. 0.1 g, 45 -60 mesh particle size) under He flowing (30 ml·min -1 ) monitoring simultaneously several signals: 12, 15, 18, 30, 32, 44, and 73 m/e as a function of temperature. At first, an isothermal step at 50˚C was performed to remove the excess of adsorbed amine from the surface until stable signal was obtained. Then, temperature was raised at 10˚C·min -1 to 650˚C, maintaining the final temperature for 50 min. Before and after the TPD-MS measurement (at 50 and 650˚C, respectively), known amount of n-But (ca. 3 μL) was injected into the sample and the integrated areas of the m/e = 73 peak were averaged to obtain the calibration factor (±10% deviation). Assuming a 1:1 stoichiometry for adsorbed n-But on the acid site, the total number of sites could be known and expressed as equivalent of acid site per sample unit mass or unit surface (mequiv g -1 or mequiv m -2 ).
Catalytic Test of Formaldehyde Oxidation
The formaldehyde catalytic oxidation was performed in a fixed bed reactor (i.d. 10 mm) loaded with ca. 200 mg of catalyst with particle size of 50 -150 μm. The formaldehyde vapor was generated heating at 100˚C permeation tubes containing solid paraformaldehyde and mixed with the carrier gas (20% O 2 /He). The reaction mixture contained 300 ppm of HCOH. The total flow rate was 100 mL/min and the gas hourly space velocity (GHSV) was 30,000 mL/(g cat ·h). The effluent gas from the reactor was analyzed in line by MicroGC (Varian 5400) equipped with Cox and 5CB columns connected to TCD. Because the observed high adsorption ability of formaldehyde on the samples at room temperature, stable formaldehyde signal was waited before collecting the reactivity data. Once obtained the stable signal at 30˚C, the reactor was heated up from 30˚C to 450˚C with a heating rate of 1˚C·min -1 . . It clearly emerges that the preparation method had determined the amount of Mo oxide that was loaded on the support. As known, impregnation methods permit introducing the desired amount of metal phase over a given support while by employing other methods of deposition, the mutual characteristics of the support and metal precursor besides the conditions of the synthetic procedure govern the amount of metal which can be up taken by the support. By assuming a uniform presence of Mo oxide on the g Ratio between the Mo-concentration determined from XPS and that from ICP-OES (composition) data.
Results and Discussion
Prepared Samples
SIM support surface and known the SIM surface area, it was possible to compute the Mo surface density of each sample ( Table 1) . A large range of surface density from ca. 0.1 up to 1.3 at Mo ·nm -2 was found, the lowest densities were observed for the MoSi_ads and MoSi_oxo samples and the highest ones for the impregnated samples (MoSi_ing and MoSi_org), as expected.
The formation of the dispersed Mo oxide phase on the silica support necessitated of the calcination step which was carried out at 550˚C. This temperature ensured the complete decomposition of the used Mo-precursors leading to the formation of the oxidic phase, as shown by the TGA results obtained comparing the dried vs. calcined samples. Figures 1-3 report the TGA and DTGA curves for the only dried Mo-samples in the 20˚C -820˚C temperature range collected in flowing air. The curves for MoSi_ing and MoSi_org ( Figure 1 ) are similar; they presented a first loss of weight at very low temperature (ca. 50˚C -100˚C) associated with physically adsorbed water at the surface or at the pore walls. For higher temperatures, both the curves had a marked loss of mass in the temperature range 200˚C -300˚C due to Mo-complexes decomposition. Ammonia, from the AHM pre- cursor, completely decomposed at 309˚C (Figure 1(a) ) while the dried MoSi_org had two peaks of mass loss, a pronounced one at T max of 219˚C and a broader one at higher temperature (329˚C). The high temperature zone of the TGA/DTGA curves (>750˚C) gave interesting information; Figure 1(a) showed very pronounced weight of loss at 800˚C associated with MoO 3 sublimation. Figure 1(b) showed the starting of a similar event, in this case the MoO 3 sublimation was likely shifted at higher temperature. The difference in sublimation temperature might be due to the use of the polynuclear, ((NH 4 The samples prepared by adsorption and oxo-peroxo route like (MoSi_ads and MoSi_oxo) did not show any clear defined peak of weight loss in the temperature range from 150˚C to 820˚C, as expected due to the non-use of organic/inorganic complexes to form the Mo oxide dispersed phase (Figure 2) .
At last, the TGA-DTGA curves of dried MoSi_os showed intense and continuous losses of mass from 50 to 350˚C range, due to the chemical species used during the sample synthesis (Figure 3). 
Morphologic-Structural Properties
All the Mo-sample surfaces were analyzed by SEM-EDS spectrometry to determine the surface composition and the morphologic features. In general, the surface concentration of MoO 3 , determined by EDS, was lower than that determined from ICP analysis. In particular, a MoO 3 concentration of 6.1, 10.5, 1.45, 2.9, and 1.6 wt% for MoSi_ing, MoSi_org, MoSi_ads, MoSi_oxo, and MoSi_ os, respectively, was determined.
The low MoO 3 surface concentration determined for MoSi_ing might be due to the presence of large MoO 3 aggregates (3-dimensional particles); in the case of MoSi_os, the presence of Mo both on the surface and in the bulk of the sample where it could not be detected by the EDS analysis, can be invoked. For all the other samples, the EDS and ICP measurements were not very different, suggesting that all the Mo loaded on SIM consisted of small Mo oxide aggregates (2-dimensional particles) (see Figure 1 of Supporting Information for a representative SEM image and EDS spectrum).
Concerning the sample BET-surface area values, in general the SIM coverage from Mo oxide phase led to a more or less marked decrease of surface area compared with that of bare SIM; the values are not in any clear relation with the amount of Mo oxide loaded on the support ( Table 1) . The results suggest that higher surface areas values were obtained when the Mo oxide aggregates could enter into the SIM mesopores while when wider Mo oxide aggregates were formed, they arranged on the external surface of SIM blocking the pore entrance and causing a more important decrease of surface. The pore size distribution (PSD) of SIM presented a unique pore size population (centered at 2.6 nm of size) while the Mo-samples presented bimodal pore size distributions ( Table 1) , one of low size (from 1.9 to 2.4 nm) and the other of higher size (from 3.2 to 3.7 nm). The partial filling of the mesopores of SIM by the Mo oxide aggregates gave rise to the smaller pore size population (PSD < 2.6 nm), while the wider Mo oxide aggregates developed a pore size population of larger size (PSD > 3.2 nm). The MoSi_os sample had very high surface area and porosity (529 m 2 ·g -1 and 0.33 cm 3 ·g -1 , respectively); a main PSD population around 3.2 nm of size was observed.
X-ray powder diffraction patterns (XRD) of the Mosamples are compared in thorhombic α-MoO 3 with co-presence of the meta-stable hexagonal h-MoO 3 , in lower amount. A semi-quantitative evaluation of the cristallite size (by Scherrer law) gave 45 -60 nm for the particle dimension. All the other samples displayed XRD patterns typical of amorphous materials without the possibility to know if the absence of any diffraction peak was due to absence of long-range order of the MoO 3 phase or to the too low amount of MoO 3 to observe diffraction.
XPS Surface Properties
The identification of the Mo oxidation state by XPS is based on the binding energies of the Mo(3d 5/2 , 3d 3/2 ) spin-orbit components. It is known that various parameters affect the absolute values of the binding energy of the Mo(3d 5/2 , 3d 3/2 ) doublet of Mo(VI)-oxo species. Among these, Mo loading, metal-support interaction, and surface oxygen coordination around the Mo centers [28] [29] [30] [31] [32] . Literature reports special attention on the dependence of the Mo oxide-support interaction on the support nature [31] [32] [33] [34] [35] . From these studies, it emerges that the Mo oxide-support interaction strength is reflected by the binding energy value of the Mo 3d 5/2 -Mo 3d 3/2 doublet: the stronger the molybdena-support interaction, the higher the binding energy. In fact, higher binding energy of the Mo 3d 5/2 -Mo 3d 3/2 doublet for the MoO 3 /Al 2 O 3 system in comparison with that of MoO 3 /SiO 2 is reported. In addition strong metal-support interaction is expected to occur when molybdena is spread on the surface hydroxyl groups of support realizing high Mo-dispersion [36] [37] [38] .
The collected results (Figures 5-7) show, with some degree of ambiguity, that all the used preparation routines gave to formation of Mo(VI) oxo-species, even if some reduced Mo oxo-species could be co-present. The obtained XPS values corresponded to those reported for supported Mo oxo-species in the highest oxidation state [29] [30] [31] 
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for which the width of the peaks has tendency to decrease and the doublet resolution improves. (231.7 eV) [39] . This may indicate the surface presence of some reduced Mo species (MoO x with x < 3).
The broadening of the Mo 3d 5/2 -Mo 3d 3/2 doublet is normally explained either by the presence of several Mo(VI) oxo-species which differ in the strength of interaction with the support or by the presence of some reduced Mo species [32, 40] . MoSi_ing and MoSi_org have The fitting of the experimental XPS envelopes of Mosi_oxo and MoSi_os cannot satisfactory be made with only one individual Mo 3d 5/2 -Mo 3d 3/2 doublet; the low intensity of the photo-peaks prevented a reliable fitting to be computed. The MoSi_ads sample showed the more complex situation in which more than two individual Mo(3d 3/2 , 3d 5/2 ) doublets were needed to reproduce the experimental XPS envelopes, suggesting the presence of at least two types of molybdenum species which differ in the strength of interaction with the silica support.
Mo surfacing was calculated for all the samples taking into account the surface Mo-concentration, determined from XPS data, and that obtained from ICP-OES (Table  1) . In general, values equal or higher than 0.5 were observed in any case. The lowest Mo surface concentrations were found on MoSi_ing and MoSi_org (0.45 and 0.56, respectively). Within the preparation routine of impregnation, the use of the mononuclear Mo precursors led to better dispersion of the Mo oxide phase that the use of the polynuclear complex ((NH 4 ) 6 Mo 7 O 24 ·4H 2 O). Higher surfacing values were found for MoSi_oxo and MoSi_os (0.76 and 1.0, respectively) which are both at low Moloading and high Mo-dispersion. MoSi_ads has the highest Mo surfacing value (1.43). Considering the experimental error in the evaluation of the very low Mo concentration, we can consider that total Mo-dispersion on silica was obtained in this case.
UV-vis-DRS Electronic Properties
The electronic spectra of the studied Mo-catalysts are characterized by the absence of any absorption in the visible region according to the d 0 configuration of molybdenum, which excludes the occurrence of d-d crystal field transitions.
For MoO 3 , the electron transfer occurs from the oxygen 2p orbital to the metal d orbital; ligand-metal charge transfer (LMCT) bands are then expected dominating the UV region of the electromagnetic spectrum. They can be used for characterizing local surface structures of Mo oxo species dispersed on the silica surface [41, 42] . Octahedral ( 6 6 MoO  , O h ) or tetrahedral ( , T d ) coordination for the Mo(VI) species of the samples could be identified starting from an inspection of the UV-DRS bands. Traditionally, absorption bands from 250 to 280 nm have been assigned to Mo(T d ) and bands from 300 to 330 nm to Mo(O h ) [43] [44] [45] . Moreover for oxide-supported Mo(VI), early authors have attributed the formation and growth of the electronic bands above 300 nm to a change in local molybdenum symmetry from T d to O h [46] . This is also in agreement with the absorption value of some reference Mo-compounds. with tetrahedrally or octahedrally coordinated molybdenum (230 and 325 -330 nm for Na 2 MoO 4 and (NH 4 ) 6 Mo 7 ·4H 2 O, respectively) [43] There is a less clear and simple situation concerning the attribution of the ligand charge-transfer transitions of the Mo-O-Mo groups, which can be present in O h polymolybdate when high Mo oxide concentration is concerned. The absorption wavelengths attributed to Mo-OMo structures are reported both at 250 -295 and 320 -340 nm [9, 47] , with significant overlap with the absorptions of Mo(T d ) and Mo(O h ) species. 2 4 MoO  On all the samples, the observed broad electronic bands could be decomposed into two main absorption components with satisfactory fitting (Figures 8-10 ). Maxima are centered at 200 -220 nm and 290 -300 nm with a small tail at higher wavelength (400 nm) observed only on MoSi_oxo. The UV-DRS spectra of MoSi_ing and MoSi_org (Figure 8) have similar shape of the bands, similar values of the maxima of the decomposed bands, and similar proportion between the lower and higher wavelength bands. The high and low wavelength bands may be assigned to 6 6 MoO  species in O h symmetry and MoSi_os (Figure 10) are different from of all the others samples. Concerning the peak at lower wavelength, a clear shift towards low wavelength was observed (194 nm). The other absorption centered at maximum wavelength of 288 nm was very prominent and dominated the spectrum; in this case, O h polymolybdate groups might be responsible of the absorption. Mo-reticulation could occur during the synthesis of this sample. Very recently the literature reports on connected molybdenum oxide centers supported on SBA-15 [48] prepared from molybdenum acetylacetonate in ethanol. In agreement with our findings, these authors found in our same range of Mo-loading (ca. 1 at Mo /nm 2 ) that the molybdenum oxide surface species are composed of both dior oligomeric molybdenum oxide centers and isolated centers, with a mixture of octahedrally Mo-units with connectivity similar to that of MoO 3 , and tetrahedrallyMo units which are isolated or connected to other Mo x O y units. In our case, we generally observed absence of typical UV-DRS bands that could be associated with 3d- could be guessed that the deposition of Mo oxo centers on silica begins with formation of isolated Mo(VI) centers in T d or distorted T d symmetry. When the surface Mo concentration increases, symmetry of the metal species changes along with formation of species in O h symmetry; in fact the broad absorption curve at ca. 300 nm growths and its maximum shifts from about 290 to 6 6 MoO  Copyright © 2012 SciRes. MSA 305 nm; at last, the high connectivity between Mo-centers gives rise to O h polymolybdate groups. This view is also in agreement with the study of Christodoulakis and Boghosian [5] concerning the formation and growth of the molybdena dispersed phase on zirconia support which was realized by Raman spectroscopy. Direct observation of monomolybdates species and polymeric Mo-oxo units with Mo-O-Mo bridges on zirconia support was reported, the last one predominating at high Mo surface density.
Temperature Programmed Reduction (H 2 -TPR)
The H 2 -TPR profiles of bulk MoO 3 activated in the temperature range from 400˚C to 600˚C are available in the literature [49] [50] [51] . The onset temperature of reduction is around 490˚C -530˚C, temperature of peak maxima (T max ) around 740˚C -760˚C, and H 2 consumption values account the stoichiometric reduction of MoO 3 to Mo(0) (H 2 /MoO 3 molar ratio = 3). The reduction pattern has been generally rationalized in the light of the stepwise process: Mo(VI) → Mo(IV) → Mo(0). The difficulty in developing a model describing the TPR pattern of the bulk and supported MoO 3 systems mostly arises from the occurrence of numerous peaks generated by the various Mo(VI) forms having different reducibility [49] . Concerning the influence of preparation method and support nature on the Mo-speciation, Wachs et al. [52] [53] [54] stated that neither the preparation method nor the specific silica used influence the relative distribution of the Mo oxide species, which nature and growth only depend on Moloading. The obtained TPR profiles reveal very complex shapes with several more or less marked maxima in a large temperature interval without the possibility to clearly distinguish intermediate steps of reduction from Mo(VI) to zerovalent Mo. The complexity of the profiles might be due to the coexistence of various MoSi-oxo species different for coordination type and size and then differently reducible (according with the above discussed UV-DRS results). For all the samples, three main peaks could be individuated corresponding to temperatures (T max ) at which maxima reducing rates occurred. The T max values for all the samples are listed in Table 2 : T max,1 values are around 500˚C, T max,2 around 700, and T max,3 around 800˚C or higher. It is expected that [49] [50] [51] [52] [53] [54] [55] the more dispersed and isolated MoO x species are more difficult to be reduced than the MoO x clusters, being the first one in higher contact with the support matrix.
Despite the similar Mo concentration of MoSi_ing and MoSi_org, they showed different TPR profiles ( Figure  11) ; MoSi_org had higher reduction extent at low temperature than MoSi_ing. It can be inferred that more numerous MoO x clusters had formed on the MoSi_org surface (reduction in the temperature range 500˚C -800˚C) than on MoSi_ing, while more numerous MoO x species in interaction with the support (reduction at temperature higher than 800˚C) are present on MoSi_ing.
The two samples, MoSi_ads and Mo oxo (Figure 12 ) have similar TPR profiles, similar amount of H 2 -consumed, and similar T max values ( Table 2) ; only the proportion of the H 2 -consumed in the low and high temperature interval changes. MoSi_oxo has higher intensity of the TPR peak at low temperature, suggesting the presence of more easily reducible Mo-species than on MoSi_ads.
The TPR profile of MoSi_os (Figure 13 ) is very different from all the others. The Mo-reduction starts with a low H 2 -consumption at T max of 557˚C and then it continues at higher temperatures (891˚C -932˚C) with a unique and quite symmetrical peak of reduction of very high intensity. Surely, this sample reveals more homogeneous situation for the Mo-phase in comparison with all the others samples.
Acid Properties
It is generally accepted that the acid properties of the catalytic surfaces determine the activity and selectivity of many reactions, not only in typical acid-base transformations but also in reduction or oxidation reactions [56] . How much acidity can be introduced to a given oxide support by the molybdenum oxide addition is of utmost importance to the catalyst design which has to work in a given reaction. Catalysts containing dispersed Mo centers on oxide supports are known to have high acid properties due to the development of molybdate and polymolybdate species possessing Brönsted and Lewis acid sites [57, 58] . The silica surface contains hydroxyl groups which are weakly acid or neutral, then the deposition of Mo-phase is expected to give rise to a remarkable increase of acidity. Kataoka and Dumesic [57] found both Lewis and Brönsted acidity on high loaded MoO 3 /SiO 2 , whereas they found only Lewis sites in weakly loading systems (1 -6 wt% MoO 3 ). The Mo loading and the Mo speciation at the sample surface could affect not only the amount of acid sites but also the acid strength and acid distribution. We chose to study the acid properties of the samples by TPD-MS using n-butylamine as basic probe. This is a conventional approach in the solid acidity studies giving the possibility to determine the amount of acid sites and the acid strength of the sites. Table 3 reports the obtained results in terms of temperature corresponding to the maximum rate of n-butylamine desorption (T max ) and of amount of acid sites per unit mass and per unit surface (meq/g and μeq/m 2 ) for the support and Mo-samples. SIM has a homogeneous acid surface (Figure 14) with high amount of acid sites characterized by low acid strength (T max = 199˚C).
When SIM was covered by high amount of Mo oxide, as for MoSi_ing and MoSi_org (Figure 15) , it was found a decrease of the acid site amount because large portion of the acidic support surface was covered, but new stronger acid sites appeared due to the Mo-phase presence. The TPD profiles showed a new peak of desorption at higher temperature than on SIM (T max of 218˚C and 220˚C for MoSi_ing and MoSi_org, respectively). The desorption peak of n-buylamine associated with the Mosites was about 50% of the total acidity of the two samples ( Table  3) .
On MoSi_ads and MoSi_oxo (Figure 16 ), the acidity presence was not very high, only about 27% of acid sites had increased acid strength compared with the SIM acid strength.
MoSi_os showed very high amount of acid sites, higher than the support and all the Mo-samples (Figure 17) . A peculiar trend for the acid site strength was observed; the low-and high-temperature o n-butylamine desorption f Table 3 . Acidity properties of the samples determined by TPD-MS of n-butylamine desorption * .
variation between the CO to CO 2 ratio were the main differences observed between the sMo-samples and SIM. Over MoSi_ing and MoSi_org in the high-temperature interval (300˚C -450˚C), the CO product almost disappeared ( Figure 19 and Table 4 ). This result can be explained by the oxidation of CO into CO 2 over the molybdenum species which could work under a classical redox cycle [49] peaks were in different positions in comparison with those observed on SIM and on all the others Mo-catalysts ( Table 3) . The low acidity was prevalent (82%) and the high acidity was ca. 18% of the total. This behavior strengthens the above interpretations from spectroscopy results that polymolybdates were formed on the surface of MoSi_os. The polymolybdate species give rise to Brönsted acid sites which differ in acid strength compared with molybdate species formed on the others samples. 
Catalytic Activity: Formaldehyde Oxidation
The catalytic oxidation of formaldehyde vapor gave carbon monoxide and carbon dioxide as only reaction products whatever the catalyst used. The obtained results are presented in the Figures 18-21 as molar fraction of the vented compounds (formaldehyde, carbon dioxide, and carbon monoxide) as a function of reaction temperature. Over SIM (Figure 18 ), the formaldehyde oxidation was possible but only at temperatures higher than 300˚C with the highest conversion observed of 28% at 400˚C. This could be due to the moderate surface acidity of the used silica that was able to adsorb high amount of formaldehyde over it and starting from a given temperature it can be oxidized. In agreement, Mao and Vannice [59] found silica to be inactive for the same reaction in the temperature range between 100˚C and 240˚C. Cheng [60] showed that silica was relatively inactive as total oxidation catalyst at 300˚C but it was able to oxidize formaldehyde to methanol and methyl formate, as well as CO and CO 2 .
More recently McCormick et al. [61] found also that the formaldehyde oxidation over silica leads to CO 2 and CO (with low formaldehyde conversion, <14%) in the temperature range 350˚C -400˚C, being CO 2 the major product (75%). Over all the Mo containing samples, the catalytic behavior above described was observed, too, but MoSi_org. In general, the increase of formaldehyde conversion and r temperature (around 100˚C) formaldehyde was converted into CO ( Table 4) . This catalytic result is hardly to be explained; MoSi_org has higher reduction extent at low temperature than MoSi_ing with presence of weaker interaction of the Mo oxo species with the silica support. This behavior can favor the formaldehyde interaction with the Mo centers which can start the oxidation reaction at low temperature. Concerning the catalytic activity of MoSi_ads, MoSi_ oxo ( Figure 20) and MoSi_os (Figure 21) , they all showed similar results. The formaldehyde conversion increased up to 30% -40% at 400˚C with predominance of CO 2 , even if CO was still present among the products at such high temperature ( Table 4) .
In conclusion, it can be considered that catalyst acidity is suitable to create accumulation of formaldehyde on the sample surface without the ability to oxidize it, while the presence of developed MoO 3 structure is beneficial for the oxidation activity which likely passes through a redox mechanism. Based on these consideration, MoSi_ ing and MoSi_org with large MoO 3 aggregates showed the better selectivity to CO 2 during reaction at high temperature.
Conclusions
The possibility to create silica surfaces containing Mo oxo species with high or low Mo content and then associated with more aggregated or dispersed Mo-species if mainly directed by the preparation procedure. The choice of the Mo-precursor is a parameter which lightly affect the final sample properties.
The Mo-speciation distribution obtained on low or high Mo-loading silica samples affect the redox and acid properties of the samples, in particular. The molybdena phase can be in strong interaction or not with the support or the interaction between the metal centers can prevail over the metal-support ones. The acid properties of the Mo-samples were higher when weak metal-support interactions were active; this was observed at medium-high Mo-concentration on the surface. The redox properties of the molybdena dispersed phase were enhanced when a critical size structure of MoO 3 clusters were formed. A judicious choice of the synthesis parameters of the Mosamples should permit tuning the chemical properties of the samples to obtain surfaces with different chemical properties. 
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